OBJECTIVES: Anterior radiculomedullary arteries (ARMAs) link dorsal segmental arteries and the intraspinal compartment of the spinal collateral network. The number of thoracic ARMA is highly variable from one person to another. The impact of the number of ARMAs on spinal cord perfusion during thoracic aortic procedures is unknown. We investigated the influence of the number of thoracic ARMAs on spinal cord perfusion in an aortic surgical large animal model.
INTRODUCTION
Spinal ischaemia remains one of the most devastating complications after open or endovascular thoracic and thoracoabdominal surgical procedures [1] [2] [3] . Recent evidence indicates the fundamental importance of the intraspinal compartment of the spinal collateral networks [4, 5] , which consists mainly of a system of epidural arcades and anterior radiculomedullary arteries (ARMAs, Fig. 1 ) [6] . ARMAs run along the segmental nerve routes and, in cases of serial segmental artery (SA) occlusion, connect the branching points of the dorsal segmental arteries at the level of the vertebral body pedicles with both the anterior spinal artery and the system of epidural arcades [6] . One of these ARMAs, usually in the lower thoracic or upper lumbar segments, is often referred to as the great ARMA (Adamkiewicz artery 7]. We know from detailed anatomical studies done during human autopsies that the number of ARMA in humans varies widely, with most individuals having between 2 and 4-5 thoracic ARMA [7] . Neuroradiological investigations indicate that it is possible to image these vessels non-invasively [8] . A large number of individual ARMAs in a given patient might be linked to improved spinal cord perfusion pressure (SCPP) and blood flow during thoracic aortic procedures with serial SA occlusion. The rationale for this hypothesis is that, with a decreasing number of ARMA, the length of the anterior spinal artery that is unsupported by segmental inflow increases. A long section of unsupported anterior spinal artery in turn would be linked to lower SCPPs and blood flow within these 'watershed' areas. The influence of the numbers of ARMAs on the risk of spinal cord ischaemia during and after thoracic aortic procedures has not been studied before in experimental models or in human patients. The objective of this study was to test the hypothesis that the number of ARMAs affects spinal cord blood flow (SCBF), SCPP and neurological outcome in a porcine large animal model [6] .
We hypothesized that the number of thoracic ARMA within the area of the treated (resected or over-stented) aortic segment would reveal an association with intraoperative and direct postoperative SCBF and SCPP, as well as with neurological outcome. To test this hypothesis, we used a previously described porcine large animal model [1] [2] [3] 6] .
Our end points were SCPP, cerebrospinal fluid pressure (CSFP) and regional SCBF (fluorescent microspheres). After we sacrificed the animal, we performed complete body perfusion with coloured cast resin and documented the number of thoracic ARMAs at autopsy.
METHODS
In the model used, the animals underwent left subclavian and serial, step-by-step ligation of thoracic segmental arteries in normothermia via a left lateral thoracotomy. Basic haemodynamic variables and spinal cord function were monitored using motorand sensory-evoked potentials (motor evoked potentials, somatosensory evoked potentials). SCPP was measured directly via a catheter in a stump of a ligated mid-thoracic SA. SCBF was quantified via fluorescent microsphere injections at 3 different times: baseline, immediately after ligation of the most distal thoracic SA and after 3 h of surveillance. Neurological function was evaluated applying a categorical score.
Study groups
We used 26 pigs: 20 animals in the treatment group and 6 animals in the sham group (German country race, weight 34 ± 3 kg). The sham animals all had a left lateral thoracotomy and were monitored, but no segmental artery occlusion was carried out. The well-described model of serial SA occlusion mimics the mechanism of spinal ischaemia during different types of thoracic aortic procedures. Group sizes were calculated before commencement of the experiments using the SigmaStat 11.0 statistical software package (Systat Software Inc., Erkrath, Germany). The calculation of group sizes refers to calculations that had been performed for the complete series of experiments [6] , which includes 3 different experiments.
Animal care
The animals were held at the experimental facility (Central Clinical Research, University Medical Center Freiburg, Freiburg, Germany), and they were moved from the breeding farm to the experimental facility 1 day prior. prior to the scheduled operation. They were designated n.p.o 12 h before the respective procedures. Institutional review board approval was obtained, and the animals received humane care in compliance with the Guide for the Care and Use of Laboratory Animals and in compliance with the guidelines established by the local German government (Protocol number G 14/39).
Anaesthesiological management
The anaesthesiological management has been described previously [6] . Ketamine 20 mg/kg body weight (BW) and midazolam 0.5 mg/kg BW were injected intramuscularly for induction of anaesthesia. Peripheral venous access was established via an ear vein. Preoxygenation using 100% oxygen was then performed for 5 min. We applied 2-4 mg/kg BW propofol intravenously (i.v.) to maintain anaesthesia throughout the initial phase of the experimental procedures. Orotracheal intubation was then performed by a trained veterinarian. Ventilation and oxygenation parameters were a positive end-expiratory pressure of 5 cmH 2 O, respiratory frequency of 12-14 min -1 and a respiratory tidal volume of 8-10 ml/ kg BW. Maintenance of anaesthesia was later achieved using 1.5-2% isoflurane in O 2 /room air (fraction of inspired oxygen = 0.6). Analgesia was achieved using fentanyl (5-10 mg/kg/h). Vecuronium was administered to achieve paralysis (0.2-0.4 mg/kg/h). Continuous i.v. volume substitution during the simulated aortic procedure was performed using 10 ml/kg BW/h of Ringer's solution. We used thiopental (20 mg/kg BW i.v.), potassium (5 mmol/kg BW i.v.) and exsanguination to sacrifice the animals immediately after the neurological evaluation. Full-body perfusion with coloured cast resin was then carried out after complete exsanguination and after complete body perfusion with heparin saline.
Continuous haemodynamic monitoring
Before left lateral thoracotomy and subclavian/SA occlusion, the common carotid artery and external jugular vein were cannulated to monitor the central venous pressure and the mean arterial pressure after the surgical cut-down using the Seldinger technique (puncture with bore needle and wire-guided insertion). Haemodynamic parameters were then monitored and pharmacologically stabilized (vasopressors, fluid therapy as needed), if necessary, throughout the procedures and the postoperative surveillance period.
Continuous spinal cord perfusion pressure monitoring
One of the mid-thoracic SA main stems, immediately after branching from the descending thoracic aorta, was used for the placement of a pressure monitoring line as described previously [6] . This SCPP catheter was usually located between T5 and T8, and the segmental level was chosen on the basis of surgical feasibility. SCPP was then directly and continuously monitored via intraspinal and paraspinous collateral vessels as reported by Griepp et al. [9] . The catheter was installed immediately after a left lateral thoracotomy and before initiating left subclavian and thoracic SA ligation.
Fluorescent microspheres: regional spinal cord blood flow
The use of fluorescent microspheres to quantify regional segmental blood flow in the spinal cord has been described previously [6, 10] . A catheter for peripheral blood control samples was positioned in the descending thoracic aorta, and a catheter for injecting fluorescent microspheres was placed in the left atrial appendage. The catheters were put in place before starting the occlusion of the left subclavian and segmental arteries.
A detailed description of the methods and the technical steps for quantifying SCBF has been published [6] . Vials contained 10-ml solution at a concentration of 1 million fluorescent microspheres per ml (Molecular Probes, Eugene, OR, USA; average diameter of 15 lm). Vials were vortexed and sonicated in an ultrasonic water bath before 2.5 ml (2.5 million microspheres) were diluted with 7.5 ml sodium chloride. Injection into the left atrium was performed over 1 min. We started withdrawing the peripheral control blood sample 15 s before the injection and continued for 180 s for a total of 195 s at a withdrawal rate of 4.55 ml/min (Harvard Apparatus). After performing the autopsy and harvesting tissue from the spinal cord, fluorescent microspheres were extracted via a sedimentation technique from the different segments of the spinal cord (2.3 M sodium hydroxide in ethanol). We quantified fluorescence intensity spectrometrically (LS55, Perkin Elmer).
Microspheres of 3 different colours were injected immediately before occlusion of the left subclavian artery (baseline), after occlusion of the last thoracic segmental vessel (0 h) and after 3 h of surveillance (3 h). The different colours of the microspheres allowed allocation of the injections to different time points during the experimental procedure and thereby the calculation of regional, parenchymal SCBF at specific points during surgery. SCBF (ml/min/g) was calculated using the formula:
where SCBF is spinal cord blood flow; f sc , fluorescence intensity of spinal cord sample; f ref , fluorescence intensity of reference sample; R, withdrawal rate of pump and g, tissue weight in grams, obtained after autopsy, tissue harvesting and cutting of tissue according to segmental level.
Surgical ligation of the left subclavian and segmental arteries
A detailed description of the surgical procedures including a videoclip can be found in Kari et al. [6] . A left lateral thoracotomy was performed under sterile conditions after a cerebrospinal fluid catheter had been placed via laminectomies in a prone position. The descending thoracic aorta was then dissected free from the left subclavian artery to the most distal thoracic segmental arteries. Once this step had been completed, the SCPP catheter and the catheters for microsphere injections and peripheral control sampling were put in place. Commencing the 'simulated' thoracic aortic procedure, the left subclavian artery was ligated using clips, and subsequently in a step-by-step manner (at 2-min intervals), all thoracic SA main stems were ligated directly distal to the point where they branched from the thoracic aorta, using standard vascular clips [6] . Haemodynamic parameters (mean arterial pressure, central venous pressure), CSFP, SCPP and blood gas analyses were monitored and documented throughout the procedure and until 3-h postintervention.
Cerebrospinal fluid pressure monitoring
Laminectomy of the lower thoracic vertebral bodies was used to gain access to the dura mater. A cerebrospinal fluid catheter for continuous CSFP monitoring was then inserted via direct puncture of the dura mater (Seldinger technique) [11] .
Neurological evaluation
Each animal was evaluated as it was waking up from the anaesthesia and until 3 h after the procedure. We defined a normal reaction as spontaneous motor action in both upper and lower extremities and a normal motor reaction upon pain stimulus as they were waking up from the anaesthesia. Flaccid paraplegia was documented if no or only a weak motor reaction was generated by tactile stimuli in the lower extremities with a strong motor reaction and spontaneous muscle tone and movement of the upper extremities. Neurological outcome was graded as (i) paraplegia present or (ii) paraparesis present, as well as according to the strength of the hindlimb motor reaction upon tactile stimulus: none, weak or strong.
Autopsy and tissue harvesting
To identify and quantify thoracic ARMA within the treated aortic segment, the animals were perfused with a coloured cast resin immediately after sacrifice.
The casting material was mixed using 50 mg blue vascular casting pigment in 50 g casting resin until a dark blue solution was obtained. The dilution solution (74.1 g ethanol, 10 g 2-propanol and distilled water in 100 g solution) and 5 g hardener were added to the resin.
The animals were sacrificed after 3 h of postoperative surveillance. Tissue harvesting of the spinal cord for regional blood flow analysis and autopsy and documentation of the number of ARMAs were then performed on the day after the procedure ( Fig. 1) . We did not differentiate between the great ARMAs (also known as the Adamkievicz artery) and other ARMAs, and the respective segments were categorized as 'vessel present' or 'vessel not present'. See Fig. 2 for examples of our specimens with different numbers of thoracic ARMAs in the study cohort.
Statistical analysis
We compared between-group differences via paired and unpaired t-tests and analysis of variance (SigmaStat, Sigmaplot 12.0, Erkrath, Germany). For pairwise multiple comparison procedures (e.g. for comparison of mean values of SCBF at 3 different time points), we used the Holm-Sidá k method.
RESULTS

Sham results
In the sham group, the preoperative mean SCBF over the complete length of the spinal cord was 0.266 ± 0.0628 ml/g/min preoperatively. It remained stable until ligation of the most distal thoracic SA: 0.285 ± 0.0763 ml/g/min (P > 0.05) and then rose moderately to 0.340 ± 0.0767 ml/g/min out to 2 h after the procedure (P = 0.039 comparing baseline with the SCBF level 2 h after the procedure). See also Fig. 3 for details. No animal in the sham group suffered paraparesis or paraplegia. The baseline CSFP was 11 ± 3 mmHg, which did not change out to 2 h of observation (mean CSFP at 2 h post-procedure was also 11 ± 3 mmHg).
Cerebrospinal fluid pressure and neurological outcome
See Fig. 4 for details of CSFP courses during and after the experimental surgery. Animals with more ARMAs had higher CSFP levels at baseline and throughout the procedures (P < 0.001). Animals with fewer ARMAs showed a more pronounced rise in CSFP after the operation, which did not reach statistical significance (P = 0.458). Mean values of CSFP did not reach pathological values (>20 mmHg), which would trigger cerebrospinal fluid drainage in humans, in any of the groups. None of the animals suffered complete flaccid paraplegia, but 3 animals suffered paraparesis, all of which were in the group with low numbers of ARMA (6-7).
Number of thoracic anterior radiculomedullary arteries and study groups
The cast resin perfusion sufficed to identify the ARMA in 18 animals. In 2 animals, full body perfusion failed to reach the ARMA system. The mean number of ARMAs in the complete study group was n = 8.5 ± 2.4, ranging widely from 3 in 1 animal to 13 in another animal. For further analysis and testing of end points, the animals were retrospectively grouped according to their numbers of thoracic ARMAs: 6-7 ARMAs (5), 8-10 ARMAs (8) and 11-13 ARMAs (5).
Spinal cord perfusion pressure over time according to anterior radiculomedullary artery number
The basic patterns of SCPP measurements over time, from baseline to step-by-step ligation of thoracic segmental arteries to the 3-h observation period, were similar when the animals were stratified according to the number of ARMAs. The basic pattern we noted was a drop in SCPP that was most pronounced during ligation of the most distal thoracic segmental arteries (Fig. 5) .
The ability to recover baseline SCPP values did not seem to be linked to the number of ARMAs. One animal, for example, with only 3 thoracic ARMAs, fully recovered its SCPP to baseline, whereas another animal with 12 thoracic ARMAs did not (Fig. 5 ). Animals that failed to recover their baseline SCPP values were scattered over all groups of numbers of ARMAs.
Regional spinal cord blood flow over time according to anterior radiculomedullary artery number
As an example of the differences we observed in SCBF according to the number of thoracic ARMAs, Fig. 6 illustrates the values in 1 subject with 3 and another with 13 ARMAs. The animal with 3 ARMAs exhibited a significant drop in overall SCBF from baseline to immediately after ligation, a drop absent in the animal with 13 ARMAs.
Reactive hyperaemia over all thoracic spinal cord segments is, however, more pronounced in the animal with 13 ARMAs.
More pronounced reactive hyperaemia in subjects with high anterior radiculomedullary artery numbers. In the group with 11-13 ARMAs, SCBF rose from baseline to 3 h postoperatively from 0.177 (interquartile range 0.14-0.2) to 0.477 (0.44-0.55) ml/g/min (P < 0.001), representing a more pronounced reactive hyperaemia than in the other 2 groups. The increase in SCBF in the group with 6-7 ARMAs ranged from a median of 0.185 (0.12-0.34) ml/g/min to 0.32 (0.27-0.37) ml/g/ min (P = 0.014). See also Fig. 7 for details. Earlier time course of reactive hyperaemia in subjects with high anterior radiculomedullary artery numbers.
Those animals with more ARMAs revealed an increase in SCBF levels during ligation of the last distal segmental arteries, demonstrating that reactive spinal cord hyperaemia began earlier in them than in the other groups. SCBF in the group with 11-13 ARMAs rose from 0.177 (interquartile range 0.14-0.2) to 0.268 (0.21-0.38) ml/g/min from baseline to immediately after ligation of the last segmental arteries. The other groups revealed no comparable increase in SCBF by that time. See also Fig. 7 for details.
DISCUSSION
We present experimental data based on a well-established animal model that demonstrates that the number of thoracic ARMA within the treated aortic segment is linked to the degree of the drop in SCBF along the spinal cord and to the degree of reactive early-postoperative parenchymal spinal cord hyperaemia, which are surrogate parameters of spinal injury. In an earlier study, we demonstrated that the distal extent of aortic repair alone (and consequently the number of occluded segmental arteries alone) is insufficient for preoperative risk prediction [11] .
Although this model, which involves both thoracic SA occlusion under normothermic conditions and left subclavian artery ligation, is heavily weighted towards spinal cord injury, we observed few clinically relevant end points. None of the animals developed complete, flaccid paraplegia, although our observation time was limited due to funding restrictions. The brevity of postoperative surveillance also precluded meaningful pathohistological analyses of the specimen (which we attempted). The use of reactive hyperaemia and SCBF as surrogate parameters of clinically relevant paraparesis or paraplegia thus became necessary. We believe that the experiments by Griepp's Mount Sinai group, conducted in a similar porcine model, demonstrated ample evidence that reactive hyperaemia is an important prerequisite for maintaining spinal cord function [10] and that it is thus valid to use these parameters as alternative end points. In their study, significant postoperative spinal cord hyperaemia occurred several hours after the operation in controls and in animals that recovered full neurological function, whereas it was absent in animals that suffered paraplegia.
This model reports data from aortosegmental systems and collateral networks in which all of the SA main stems were patent, in a young animal population with a relatively brief surveillance time due to economic restrictions. In the clinical setting, many SA main stems will be chronically occluded due to degenerative calcification and plaque overgrowth, factors often detected in the descending or thoraco-abdominal aorta in patients.
As human autopsy studies imply [7] , the number of thoracic ARMA in humans is probably lower than that in our animal model. There is, to the best of our knowledge, no published anatomical study focusing specifically on numbers of ARMAs in the pig model. Our study showed that the mean number of ARMAs was 9 in pigs, with a range from 3 to 13. We can conclude that the interindividual variability in numbers of ARMA is comparable in humans and in the pig model. Similar experimental studies have been reported, among others, by Haldenwang et al. and Svensson et al. Haldenwang et al. [12] studied SCBF during and after selective antegrade cerebral perfusion in a porcine frozen elephant trunk procedure model. Svensson et al. [13] showed in earlier studies that application of epidural papaverine and the use of aortic shunts can help avoid paraplegia during aortic cross-clamping. These baboon and porcine models, however, have a slightly different focus than our reported experiments [14] . Experimental studies thus far were not designed identify individual risk preoperatively but rather to determine therapeutical approaches in situations when spinal ischaemia becomes apparent.
Future studies should focus on making this model more similar to different clinical scenarios of spinal cord malperfusion in thoracic aortic surgery, for example by including actual stent graft placement and preservation of the left subclavian artery and/or by ligating or coiling several SA main stems in order to mimic the collateral situation in the context of chronic degenerative aortopathy. In addition, prolonging the observation period will facilitate the identification of mild neurological deficits and of neuronal and glial injury at the cellular or molecular level. Thirdly, improved imaging methods for ARMA need to be tested, for example in an advanced spinal magnetic resonance angiography study.
These data imply that identifying the number of thoracic ARMAs along the treated aortic segment before an intervention can help predict the individual patient's risk of spinal ischaemia in the clinical setting. This achievement can help the surgeon to plan the surgical approach and possible neuroprotective measures, such as reimplantation of segmental arteries into a vascular graft, according to a patient's individual risk of spinal cord ischaemia. Preoperative non-invasive ARMA imaging is challenging but doable via spinal magnetic resonance imaging angiography, as illustrated in a series of manuscripts by Backes and Nijenhuis [8] . Although their studies focused on identifying the great ARMAs (also known as the Adamkievicz artery), these techniques should be applied when attempting to identify all the ARMA present along the given treated aortic segment [15] [16] [17] .
